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ABSTRACT: The subsecond mobilization of intracellular Ca2+ by IP, was measured with rapid mixing 
techniques to determine how cells achieve rapid rises in cytosolic [Ca2+] during receptor-triggered calcium 
spiking. In permeabilized rat basophilic leukemia cells at  11 OC, more than 80% of the 0.7 fmol of Ca2+/cell 
sequestered by the ATP-driven pump could be released by IP3. Half of the stored Ca2+ was released within 
200 ms after addition of saturating (1 pM)  IP,. The flux rate was half-maximal a t  120 nM IP,. Ca2+ 
release from fully loaded stores was highly cooperative; the Hill coefficient over the 2-40 n M  range was 
greater than 3. The delay time of channel opening was inversely proportional to [IP,], increasing from 150 
ms a t  100 nM IP, to 1 s a t  15 nM, indicating that the rate-limiting step in channel opening is IP, binding. 
Multiple binding steps are required to account for the observed delay and nonexponential character of channel 
opening. A simple model is proposed in which the binding of four IP, molecules to identical and independent 
sites leads to channel opening. The model agrees well with the data for KD = 18 nM, k,, = 1.2 X lo8 M-' 
s-I, and kOff = 2.2 s-'. The -1-s exchange time of bound IP, indicates that the channel gating sites are 
distinct from binding sites having - 100-s exchange times that were previously found with radiolabeled IP,. 
The - 1-s response time of [CaZ+] to a rapid increase in IP, level can account for observed rise times of 
calcium spikes. 

M a n y  hormones, neurotransmitters, and other extracellular 
stimuli activate the phosphoinositide cascade by binding to cell 
surface receptors that are coupled to phospholipase C. The 
subsequent increase in inositol 1,4,5-trisphosphate ( IP3) leads 
to Ca2+ release from intracellular stores (Berridge, 1987; 
Carafoli, 1987; Putney, 1987). Recent studies indicate that 
receptor-triggered ea2+  release is often pulsatile rather than 
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sustained. Activated cells exhibit repetitive transient increases 
in cytosolic Ca2+ (Woods et al., 1986; Miyazaki et al., 1986; 
Jacob et al., 1988). A mechanistic understanding of ea2+  
spiking requires detailed knowledge of the kinetics of IP3-in- 
duced Ca2+ release. In previous studies with permeabilized 
rat basophilic leukemia cells (RBL cells), we found that the 
IP,-gated Ca2+ channel is cooperatively opened by IP3 with 
a Hill coefficient of 2.7 (Mgyer et al., 1988). Because the time 
resolution of our earlier study was 4 s, the kinetics of release 
under physiological IP, conditions could not be measured. We 
report here rapid-kinetic studies of IP,-induced Ca2+ release 
having a time resolution of 10 ms. The observed dependence 
of release kinetics on nanomolar IP, concentration in the 

0 1990 American Chemical Society 



Kinetics of the IP,-Gated Ca2+ Channel 

subsecond time range gives insight into the channel gating 
process. These experiments provide information concerning 
the minimum number of IP,-binding sites that control channel 
opening, the number of delay steps in channel opening, mi- 
croscopic on-rates and off-rates from the channel gating sites, 
and the transition time between occupancy of the receptor and 
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where KD is the apparent dissociation constant, IC is the 
fluorescence due to the high-affinity Ca2+-binding site of fluo-3 
when fully saturated, and 1, is the fluorescence intensity in 
the absence of bound Ca2+ (i.e., with excess EGTA). Total 
Ca2+, Ca2+tot, is given by 

channel opening. Ca2+tot = fDtot + [Ca2+] (2) 

MATERIALS AND METHODS 
Materials. The following were purchased: Inositol 1,4,5- 

trisphosphate (IP,) from Sigma or Calbiochem, diethylene- 
triaminepentaacetic acid anhydride (DTPA) and calcium-in- 
dicating dyes (fluo-3, fura-2, and rhod-2) from Molecular 
Probes, and aminoethyl Bio-Gel P-2 from Bio-Rad. 

Buffer. The standard buffer for flux measurements con- 
tained 20 mM HEPES (pH 7.4), 145 mM KCl, 5 mM NaC1, 
2 mM Mg*+, and 0.7 mM ATP. 

Preparation of Chelating Resin ("Ca2+ Sponge"). Removal 
of contaminating metal ions is necessary to achieve the im- 
proved Ca2+-release sensitivity described here. Because a 
commercially available chelating resin (Chelex 100, Bio-Rad) 
did not sufficiently lower metal ion contamination from so- 
lutions of CaZ+ indicator dyes, we prepared a heptadentate 
DTPA-based resin that binds metal ions much more strongly. 
DTPA anhydride (12 g, 33.6 mmol) was suspended in a 
mixture of 100 mL of DMSO and 400 mL of glacial acetic 
acid. Sixteen grams (nominally 1.1 mmol of amino groups) 
of dry aminoethyl Bio-Gel P-2 was added. The mixture was 
stirred and refluxed for 4 h at 13 1 "C. The resin was filtered 
and washed with DMSO twice, 0.1 N NaOH twice, 0.1 N 
HC1 twice, and 100 mL of H20 .  When equilibrated with the 
standard flux assay buffer, the resin had a Ca2+-binding ca- 
pacity of 145 pmol of Ca2+/mL of wet resin. When Ca2+ 
removal efficiency decreased after repeated use, the resin was 
regenerated by using 0.1 N HC1. 

Removal of Metal Contamination from Buffers, Stock 
Solutions, and Exposed Surfaces. Labware (all plastic) was 
washed with detergent, followed by 0.1 N HC1, distilled water, 
and finally the buffer to be used (containing dye where ap- 
propriate). All solutions were passed over the Ca2+ sponge. 
Using the Ca2+ indicator fluo-3, all solutions, cuvettes, and 
stir bars were tested for contaminating metal ions before use. 
In a typical fluorescence experiment, 3-20 pL of a stock (e.g., 
IP,, ATP, glucose) was added to 2 mL of stirred sample. 

Preparation of Rat Basophilic Leukemia Cells. RBL cells 
[2 X lo7 cells, grown as described Taurog et al. (1979)l were 
harvested at days 4-5 and diluted into 16 mL of a Ca2+- and 
Mg2+-free buffer containing 20 mM HEPES (pH 7.4), 140 
mM NaCl, and 5 mM KC1. Cell pellets were washed twice 
by centrifugation with the same buffer and the third time with 
the final standard buffer containing 1-1.5 pM metal-free 
fluo-3. The cells were permeabilized with 85 pg/mL Ca2+-free 
saponin for 10 min at room temperature, in the presence of 
2 mM Mgz+ and 0.7 mM ATP to ensure reloading of Ca2+ 
that had leaked out of the IP,-sensitive store. 

Fluorescence Measurements. The fluorescence of fluo-3 was 
measured by using an SLM-8000 fluorimeter interfaced to an 
IBM PC and equipped with a band-pass filter (rather than 
a monochromator) on the emission side. For experiments not 
requiring subsecond time resolution, measurements were made 
in a 1-cm acrylic cuvette (Sarstedt) containing 2 mL of buffer 
and a Teflon stir bar. The fluorescence signal was corrected 
for fluctuations in excitation light intensity. The concentration 
of free Ca2+, [Ca2+], was determined from the fraction of dye 
bound, f = ( I  - I E ) / ( I c  - IE), by 

[Ca2+] = Knf/(l -f, (1) 

where D,ot is the total added dye, typically 1 pM. Titrations 
of metal-free fluo-3 with Ca2+ indicated a high-affinity binding 
site with KD = 600 nM in buffer B and an apparent additional 
site with KD = 200 pM (data not shown). Because the second 
site gave rise to an intensity increase equal to 0.14 that due 
to the high-affinity site, IC was calibrated by adding Ca2+ to 
a total of 33 pM in each sample following a flux experiment. 
ZE was then calibrated by adding EGTA to 5 mM. To faci- 
litate comparison of our results with those of other laboratories, 
we used the value KD = 450 nM given by Molecular Probes 
(Eugene, OR). The sensitivity of the system was tested by 
additions of known amounts of Ca2+. 

Calibration and Sensitivity of the Calcium-Flux Assay. 
Elimination of heavy metals and Ca2+ by treatment of the 
buffer with the Ca2+ sponge allowed the Ca2+ indicator fluo-3 
to be the major Ca2+ buffer, providing reliable detection of 
nanomolar Ca2+ fluxes. Assays requiring EGTA buffering 
dampen the indicator response because most of the released 
Ca2+ does not bind to fluo-3. Similarly, when larger indicator 
concentrations are used, the fractional signal change due to 
released Ca2+ is small. In a system where the indicator dye 
is the only significant Ca2+ buffer, the sensitivity to added Ca2+ 
is given by 

(3) Af/[Ca2'ladded = [Dtot + KD/(l -A2]-' 

This relationship has been experimentally verified for fluo-3 
(and also for fura-2 and rhod-2). The assay is most sensitive 
at [Ca2+] values below KD, and practical considerations (in- 
strumental and scattering noise contributions) make the assay 
most useful for different indicators in the following free [Ca2+] 
ranges: fura-2, 10-250 nM; fluo-3, 20-450 nM; and rhod-2, 
40-1000 nM. The limits on sensitivity are set by the intrinsic 
instrumental noise (here 0.03%, primarily due to the amplifier) 
and light scattering from cellular components (typically 0.1%). 

An important consequence of the improved sensitivity of this 
assay is the ability to work at high cell dilutions, where in- 
tracellular volume represents only 0.05%-0.1% of total sample 
volume. This dilution of cytoplasmic enzymes minimizes the 
degradation of IP, by endogenous phosphatases. Under the 
conditions employed here, IP, is degraded to IP, with first- 
order kinetics. HPLC analysis following incubation of per- 
meabilized cells with [,H]IP, showed that the half-life is 
greater than 600 s (Meyer & Stryer, 1988). Conversion to 
IP, occurs at an even slower rate. Because IP2 and IP, do not 
alter CaZ+ fluxes at  the concentrations present in these ex- 
periments (Meyer et al., 1988), their formation can be ignored 
in interpreting the present data. The concentration of IP, is 
nearly constant during the time course of the experiments 
reported here. Likewise, because ATP only affects the uptake 
and not the release of Ca2+, it is unlikely that modulation of 
the channel by kinases occurs in our permeabilized cell system. 

Rapid Mixing. A stopped-flow apparatus (SFA-11, High 
Tech Scientific, Salisbury, U.K.) was used for rapid mixing 
of permeabilized cells and IP,. Mixing occurred approximately 
25 ms before the triggering of the fast data acquisition mode 
of the SLM 8000, as estimated from test experiments with 
fluo-3, Ca2+, and EGTA. The fluo-3 response is faster than 
25 ms. To obtain enhanced intensity, the sample was excited 
with the 488-nm line of an air-cooled argon ion laser (Ion 
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300 nM 

0 1 2 3 4 
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Rapid kinetics of IP,-gated Ca2+ release. The fluo-3 
fluorescence intensity monitors the release of Ca2+ induced by rapidly 
mixing permeabilized cells with the indicated concentrations of IP,. 
The concentration of free CaZ+ increased from a value of about 250 
nM to 450 nM. The time axis begins during mixing. Ca2+ release 
approximately follows first-order kinetics after a concentration-de- 
pendent lag time. 

Laser Technology). Integration times of 11  or 22 ms were 
used for the fluorescence recording. 

RESULTS AND DISCUSSION 
Ca2+-Efflux Rates as a Function of IP,. The kinetics of 

IP,-induced Ca2+ release were measured with a stopped-flow 
device. RBL cells permeabilized in the presence of Mg2+/ATP 
(10 min at room temperature) were loaded in one syringe of 
the rapid mixing device while the other syringe was filled with 
the same buffer (with Mg2+/ATP) containing IP,. Typical 
rapid mixing results obtained at  11 OC with a concentration 
of 6 X lo5 cells/mL are shown in Figure 1. Released Ca2+ 
binds fluo-3 and increases its fluorescence, whereas Ca2+ se- 
questered in  the intracellular store is not exposed to this in- 
dicator. The fluorescence increase was nearly linear with the 
Ca2+ released in the free Ca2+ range of 150-250 nM (for 
details and calibration, see Materials and Methods). Varying 
the free CaZ+ concentration from 150 to 800 nM did not 
significantly affect the release kinetics. In contrast, the [IP,] 
dependence of channel opening was strongly altered by pH. 
Threefold less IP, was required at pH 8 than at pH 7.4, and 
eight-fold more at pH 6, for the opening of the same amount 
of channels. Maximal loading in the presence of Mg2+/ATP 
was determined to be 0.7 fmol/cell. At a saturating IP, 
concentration, half of the CaZ+ (0.35 fmol/cell) was released 
after 200 ms, corresponding to a maximal efflux rate of 1.75 
fmol/(cell.s) (the 3000 nM trace in Figure 1). This rate 
corresponds to a flux of 1.05 X lo9 Ca2+ ions/(s.cell) or an 
intracellular Ca2+ current of 0.34 nA. At 25 nM IP,, half- 
depletion of the Ca2+ store occurred in about 1 s after a 700-ms 
lag. 

4 
1 10 100 1000 

[IP,] (nM) 

100 nM lP3 

(b) 

I 20 s 

Hexokinase + Glucose 
FIGURE 2: dependence of the efflux rate constant. The rate 
constants (panel a) are defined as the reciprocal of the time required 
for half-maximal release of Ca2+ from the IP -sensitive store. The 
lag time before Ca2+ release was subtracted. Ca2+ efflux was measured 
by using the stirred-cuvette method for low IP3 concentrations (raw 
data in panel b and open circles in panel a) and the rapid mixing 
technique for high IP3 concentrations (filled circles in panel a). For 
low IP3 concentrations, a mixture of hexokinase and glucose was added 
to eliminate ATP and stop CaZ+ pumping prior to IP3 addition (panel 
b). The efflux rate was corrected for the slow leak observed after 
ATP depletion. The smooth curve in panel a is predicted for a four-site 
model described in the text, calculated accordin to the following 
equation: rate constant = (5 .5  s-~)[c/c + 18 nM)f where c = [IP,]. 

The efflux rate constants determined from the rapid mixing 
data are plotted as a function of [IP,] in the 10-3000 nM 
range in Figure 2a (solid circles). To obtain a better sig- 
nal-to-noise ratio, the lower range of IP, concentrations was 
measured by using a standard cuvette instead of the stopped- 
flow cell. At IP, concentrations below about 10 nM, ATP- 
driven Ca2+ uptake becomes significant compared to IP,-in- 
duced release. For this reason, the ATP level was lowered by 
addition of glucose (10 mM) and hexokinase (10 units/mL) 
shortly before addition of IP,. Figure 2b shows a 12 nM IP, 
addition after pretreatment with glucose and hexokinase. A 
constant leak of the fully loaded store, measured in the absence 
of both ATP and IP,, was subtracted from the efflux rate 
observed in the presence of IP3. This procedure enabled us 
to measure efflux rate constants in the 2-25 nM concentration 
range (Figure 2a, open circles). At low IP, concentrations, 
the Hill coefficient is greater than 3. The efflux rate was 
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[IP,]-' (nh4-l) 

FIGURE 3: Delay times for channel opening. From a series of ex- 
periments similar to the ones shown in Figure 1, the time to reach 
a half-maximal slope was determined. This delay time is plotted versus 
I/[IP,]. The linear fit of the data shows that the on-rate for IP, 
binding is k,, = 4.6 X lo7 M-I s-I if a single binding step is limiting. 
The y intercept (the delay time at saturating [IP,]) is 65 ms. 

half-maximal at 120 nM IP,. The results obtained in this way 
for low IP, concentrations are similar to those obtained pre- 
viously (Meyer et al., 1988), in which IP3-mediated Ca2+ flux 
was measured in cells whose Ca2+ stores were 90%-95% de- 
pleted. Thus, the steeply cooperative dependence on [IP,] is 
independent of the initial amount of Ca2+ in the intracellular 
stores. 

Delay Times for Channel Opening. The maximal flux rate 
was not attained immediately upon mixing. Rather, a delay 
ranging from 65 ms to 1.5 s was observed (Figure 1). A series 
of rapid mixing traces was analyzed to determine the [IP,] 
dependence of the delay time for channel opening, which is 
defined as the time required to reach a half-maximal flux rate 
after IP, addition. Delay times increased with decreasing IP, 
concentrations from about 80 ms at  500 nM IP, to 1000 ms 
at 15 nM IP,. As shown in Figure 3, there is a linear rela- 
tionship between the delay time and the reciprocal of the IP, 
concentration. This result indicates that an IP,-binding step 
is kinetically limiting for channel opening. In the simple case 
where diffusion is unhindered and binding of ligand to channel 
gating sites is rate-limiting, the delay time T at a ligand 
concentration c is given by 

(4) 
( 5 )  

T = 1 / (k , ,c)  for c >> KD 
T = 1 / k O f f  for c << KD 

The slope of the straight-line fit through the data in Figure 
3 corresponds to a k,, of 4.6 X lo7 M-' s-l if the delay is due 
to a single binding site and to a k,, of 1.2 X lo8 M-I s-l in 
the case of four IP,-binding sites (see below). Because the 
plot is linear even at IP, concentrations as low as 20 nM, one 
of the binding steps for channel opening must have a KD 
20 nM. They  intercept of 65 ms (io) indicates that there is 
an [IP,]-independent delay in channel opening. This 65-ms 
delay may be the time required for opening of a fully liganded 
channel. Alternatively, the 65-ms delay may reflect the time 
required for diffusion of either IP, or Ca2+ across barriers 
between the intracellular stores and the extracellular space. 
In any event, opening of a fully liganded channel must occur 
in  65 ms or less. 

Time Course of Channel Opening. Additional information 
can be obtained by analyzing the entire time course of channel 
opening, which is complex and nonexponential. To improve 
the signal-to-noise ratio, 12 traces recorded with a sampling 

1 
0 200 400 600 800 1000 

TIME (ms) 

FIGURE 4: Time course of channel opening. The results from a series 
of 12 rapid mixing experiments at 30 nM final [IP,] were averaged 
(to reduce noise), and the first derivative was calculated. The data 
points correspond to the slope at intervals of 22 ms. The smooth curves 
are fits to the kinetic model described in the text with 1, 4, or 8 delay 
time constants. The data were corrected for a 5% fluorescence drift 
after mixing. 

interval of 11 ms were averaged. We analyzed the time course 
of Ca2+ store depletion after addition of 30 nM IP,, measured 
as an increase in fluo-3 fluorescence (similar to Figure 1). In 
Figure 4 the first derivative of this curve, the rate of efflux, 
was assumed to be proportional to the number of open chan- 
nels. This assumption holds, provided that the store is not 
substantially depleted and the fluorescent signal change is in 
the linear range. To ensure these conditions, only the first 1100 
ms of the depletion process was analyzed. Linear least-squares 
fits over 200-ms intervals were used to determine the slope of 
the curve. Figure 4 plots the first derivative of the efflux curve, 
expressed as the fraction of final channel opening. Multiple 
slow lag times are necessary to account for the nonexponential 
delay evident in Figure 4. These data were fit to a series of 
model functions of the form [l  - exp(-t/~,)]" (derived from 
the model described below) with n = 1-8. Resulting 7,)s were 
1155, 385, and 286 ms for n = 1, 4, and 8, respectively. Best 
agreement with the data could be obtained with n I 4. Values 
of n from 4 to 8 yielded equally good fits. Thus, multiple 
binding steps are required for channel opening. 

Model for IP,-Gated Channel Opening. Analysis of the 
kinetics of Ca2+ release provides three lines of evidence showing 
that multiple IP, binding events are required to open the Ca2+ 
channel: (1) The dependence of the efflux rate constant on 
[IP,] is steeply cooperative (Figure 2a). A best fit to the curve 
can be obtained for n = 4 (or 5). (2) The IP3 concentration 
required for half-maximal channel opening, Kl,2 = 120 nM 
(Figure 2a), is much greater than KD for binding to one of the 
channel gating sites, for which an upper limit of 20 nM was 
inferred from the delay data as described above (Figure 3). 
A simple model with independent and equal binding that would 
explain this difference requires a cooperativity coefficient >4.5 
[deduced from [Kl12/(Kl12 + K,)]" = 0.51. (3) There are 
multiple delay steps between a rise in ligand concentration and 
opening of the channel (Figure 4). Best fits were obtained 
for n = 4-8. 

Although none of these three lines of evidences rigorously 
excludes a model with three gating sites, a better fit to the data 
is obtained by assuming that four or more molecules of IP3 
must be bound to a receptor before the channel can open. For 
simplicity, we assume four binding sites. Furthermore we 
assume that they are independent (i.e., the binding events 
themselves are not cooperative). 
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The function of these slow sites is not known. They may 
regulate the release of Ca2+ or they may participate in me- 
diating other processes. 

Implications for Cellular ea2+ Homeostasis and Calcium 
Spiking. Ca2+ release follows increases in IP, levels after a 
delay time of the order of several hundred milliseconds. It 
has been shown that the rising phase of a Ca2+ spike during 
receptor-mediated Ca2+ oscillations is also on this time scale 
(Woods et al., 1986; Jacob et al., 1988; unpublished results 
in this laboratory). In rapid mixing studies using intact cells 
and high hormone concentrations, the rise time for the increase 
in [Ca2+] was a few hundred milliseconds (Sage & Rink, 
1987). Our data suggest that the rate-limiting step in both 
cases was the binding of IP, to its receptor. In another in- 
formative study (Walker et al., 1987), laser pulse photolysis 
of caged IP, provided information about activation of smooth 
and skeletal muscle. Their results indicate that Ca2+ responses 
in smooth muscle cells are slow enough to be mediated by IP, 
receptors like those of RBL cells, whereas the much faster Ca2+ 
responses of skeletal muscle are probably mediated in a dif- 
ferent way. The large amounts of Ca2+ released by IP, 
(corresponding to approximately 1 mM total intracellular 
Ca2+) and the similarity between rise times for Ca2+ spikes 
and for IP,-gated Ca2+ release support the hypothesis that 
calcium spiking is driven by rises in intracellular IP, con- 
centration (Meyer & Stryer, 1988; Berridge et al., 1988; 
Cobbold et al., 1989). 

Comparison with Other Ligand-Gated Channels. The lig- 
and-binding and channel-opening kinetics of synaptic nicotinic 
acetylcholine receptor and the cGMP-gated channel from rod 
outer segments have been determined. Two acetylcholines are 
required to open the acetylcholine receptor channel (Col- 
quhoun & Sakmann, 1985). The rate constants for the binding 
of acetylcholine are -lo8 M-' s-l, close to the diffusion- 
controlled limit. A fast ligand dissociation (- lo4 s-l, leading 
to a dissociation constant of - 100 pM) ensures a response 
time on the order of 100 ps when the concentration of ace- 
tylcholine is changed. The intramolecular transition of the 
closed to the open state was found to be -33 ps. For the 
cGMP-gated channel, three or more ligands are required to 
open the channel (Karpen et al., 1988). The rate constants 
for binding and dissociation are - lo8 M-' s-l and N lo3 s - I ,  

respectively, ensuring a response time on the order of 1 ms 
for changes in cGMP concentration. The intramolecular 
transition occurs in about -60 ps. The rate constants for 
ligand binding and channel opening are matched to the needs 
of the physiologic signal transduction process. Whereas the 
synaptic transmission occurs on the time scale of 1 ms and 
visual transduction on the time scale of 100 ms, hormonal 
transduction through the phosphoinositide cascade takes place 
on a slower time scale, of the order of 1 s or longer. It is 
interesting to note that the on-rate constants are nearly the 
same ( - I O 8  M-' s - I )  for the acetylcholine receptor, the 
cGMP-gated channel, and the IP,-gated channel. They differ 
in their off-rate constants and their equilibrium dissociation 
constants. Synaptic transmission and visual transduction re- 
quire faster channels and therefore lower affinity ligand 
binding and fast off-rate constants. High-affinity ligand-gated 
channels such as the IP,-gated Ca2+ channel necessarily re- 
spond more slowly. A compensating advantage of high affinity 
is that signal transduction can be achieved with smaller ligand 
concentration changes and hence a lower expenditure of 
metabolic energy. 
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FIGURE 5 :  Model used to analyze the efflux kinetics: four independent 
IP3-binding sites on the Ca2+ channel have to be occupied for channel 
opening. The opening and closing of the channel under physiological 
conditions are limited by the ligand-binding and dissociation steps. 

Figure 5 shows the basic features of this model. At equi- 
librium, a fraction c / ( c  + KD) of individual sites are occupied 
by IP, and the kinetics for ligand binding to a single site can 
be described by 1 - exp[-(k,c + kOff)]. To keep the expression 
for the opening kinetics simple, we also assume that k+ << k-, 
implying that the fully liganded channel is open only a small 
fraction of the time. Because of the assumed independence, 
the fraction n of open channels at equilibrium is then given 
by [see also Meyer et al. (1988)l 

n(c) = k + / ( k +  + k - ) [ c / ( c  + KD)14 

n ( c 4  = n(c) [1 - exp[-(k,,c + kofJtl14 

(6) 

and the channel opening kinetics are given by 

(7) 

A least-squares fit of the data in Figure 2a gives KD = 18 nM. 
The on-rate for IP, binding, k,,, can be obtained from Figure 
3. If one binding site would dominate the delay and if c >> 
KD, then the delay times for half-maximal opening would be 
given by r = T o  + 0.69/(k0,c). A model-independent lower 
limit for k,, of 4.6 X lo7 can then be obtained. When four 
binding sites are used, the delay times are given by 7 = TO + 
1.84/(kO,c) (from eq 7). The fit to the points in Figure 3 
corresponds to T~ = 65 ms and a k,, = 1.2 X lo8 M-I s-'. The 
value of koff can be determined from koff = k,,K, to be 2.2 
s-I. This model gives a good fit of kinetic data obtained over 
a wide range of IP, concentrations (Figures 1-4). However, 
the present results do not exclude the possibility that the 
binding sites are heterogeneous or that binding at one site 
influences binding at another. In fact, because k,, is limiting 
for at least one site down to 15 nM (Figure 3 and eq 6 and 
7), at least one binding site has a dissociation constant much 
less than 18 nM. This could also explain the slower lag time 
in Figure 4 (factor of -2) than expected from eq 7. This 
model is in agreement with the finding by Supattapone et al. 
(1988) that the IP, receptor is a multimer, perhaps a tetramer 
of 270-kilodalton subunits. 

Slowly Dissociating IP,-Binding Sites. IP, binding has been 
studied in many tissues, and it is interesting to compare the 
results of these measurements with the IP, binding constants 
of the channel gating site determined from the flux data. Most 
reported equilibrium binding constants are between 1 nM and 
100 nM, and dissociation times are on the order of 100 s [i.e., 
Spat et al. (1986), Guillemette et al. (1988), and Supattapone 
et al. (1988)l. The equilibrium binding constants found in 
these binding studies are comparable to what we infer for the 
channel gating sites. However, their dissociation times are 
about 100 times longer than ours. This difference suggests 
that the sites observed in direct binding assays are not the same 
as those involved in the opening of Ca2+ channels. The rapidly 
dissociating channel gating sites may not have been observed 
in previous binding studies because the assays were too slow, 
or because there are many fewer rapid sites than slow ones. 
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ABSTRACT: The transport of exogenously supplied fluorescent analogues of aminophospholipids from the 
outer to inner leaflet in red blood cells (RBC) is dependent upon the oxidative status of membrane sulfhydryls. 
Oxidation of a sulfhydryl on a 32-kDa membrane protein by pyridyldithioethylamine (PDA) has been 
previously shown [Connor & Schroit (1988) Biochemistry 27, 848-8511 to inhibit the transport of NBD- 
labeled phosphatidylserine (NBD-PS). In the present study, other sulfhydryl oxidants were examined to 
determine whether additional sites are involved in the transport process. Our results show that diamide 
inhibits the transport of NBD-PS via a mechanism that is independent of the 32-kDa site. This is shown 
by the inability of diamide to block labeling of the 32-kDa sulfhydryl with 12sI-labeled PDA and to protect 
against PDA-mediated inhibition of NBD-PS transport. Diamide-mediated inhibition, but not PDA-mediated 
inhibition, could be reversed by reduction with cysteamine or endogenous glutathione. Similarly, treatment 
of RBC with 5,5’-dithiobis(2-nitrobenzoic acid), which depletes endogenous glutathione and induces oxidation 
of endofacial proteins [Reglinski et al. (1988) J. Biol. Chem. 263, 12360-123661, inhibited NBD-PS transport 
in a manner analogous to diamide. Once established, the asymmetric distribution of NBD-PS could not 
be altered by oxidation of either site. These data indicate that a second site critical to the transport of 
aminophospholipids resides on the endofacial surface and suggest that the transport of aminophospholipids 
across the bilayer membrane of RBC depends on a coordinated and complementary process between a 
cytoskeletal component and the 32-kDa membrane polypeptide; both must be operative for transport to 
proceed. 

Phospholipids are asymmetrically distributed in the human 
erythrocyte membrane (Rothman & Lenard, 1977; Op den 
Kamp, 1979). In these cells, the aminophospholipids phos- 
phatidylserine (PS)’ and phosphatidylethanolamine prefer- 
entially reside in the inner leaflet, whereas the choline phos- 
pholipids are localized in the outer leaflet (Verkleij et al., 1973; 
Gordesky et al., 1975). This asymmetric organization is 
maintained through complex and, at present, poorly understood 
interactions between specific membrane proteins. On the one 
hand, it has been shown that endofacial proteins such as 
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spectrin (Haest, 1982; Cohen et al., 1986; Maksymiw et al., 
1987) and possibly band 4.1 (Sato & Ohnishi, 1983; Rybicki 
et al., 1988; Cohen et al., 1988; Shiffer et al., 1988) can 
stabilize PS in the cell’s inner leaflet, whereas an ATP-de- 
pendent translocase is responsible for the outside to inside 

I Abbreviations: IZSI-PDA, N-[3-(3-[’2SI]iodo-4-hydroxyphenyl)- 
propionyl]pyridyldithioethylamine (Bolton-Hunter-labeled PDA); 
DOPC, dioleoylphosphatidylcholine; DTNB, 5,5’-dithiobis(2-nitrobenzoic 
acid) (Ellman’s reagent); DTT, dithiothreitol; GSH, reduced glutathione; 
GSSG, oxidized glutathione; NBD-PS, I-oleoyl-2-[ [N-(’T-nitro-2,1,3- 
benzoxadiazol-4-yl)amino]caproyl]phosphatidylserine; PBS, phosphate- 
buffered saline (137 mM NaCI, 3 mM KCI, 10 mM sodium/potassium 
phosphates, and 10 mM glucose, pH 7.4); NEM, N-ethylmaleimide; PC, 
phosphatidylcholine; PDA, pyridyldithioethylamine; PS, phosphatidyl- 
serine; RBC, red blood cell(s); SDS, sodium dodecyl sulfate; SDS- 
PAGE, SDS-polyacrylamide gel electrophoresis. 
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